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ABSTRACT 
 
In a polymer electrolyte membrane fuel cell, effective water management is 
required for optimal cell performance.  While membrane hydration is needed for effective 
proton conduction, an excess of water, particularly on the cathode side, hinders transport 
of oxygen to the catalyst sites and lowers cell voltage.  This study utilized neutron 
radiography to reveal the presence of liquid water while operating the PEMFC. These in-
situ experiments investigated both rectangular and triangular flow field geometries, 
various flow field surface energies, and several gas diffusion media samples. Correlations 
were drawn between accumulated water mass and performance data collected during the 
imaging process.  The analysis resulted in a visualization of the two-phase behavior 
inside the running fuel cell, and a time-averaged volumetric plot of the water developing 
in the GDM and cathode channels.  Results show a change of 0.05g in averaged liquid 
water mass demonstrates a flooding condition.  This small volume is associated with 
accumulated water in the electrode layer being the primary contributor to mass transport 
loss at high load.  It is further demonstrated that the cathode flow field channel surface 
energy and cross-sectional geometry affect the size and distribution of water slugs inside 
the channels.    
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A  Channel cross-sectional area, (cm2) 
CFD  Computational Fluid Dynamics 
dch  Depth of channel, (cm) 
DH  Hydraulic diameter (4A/ψ), (cm)  
DN  Neutron aperture diameter (cm) 
E°   Standard potential, (V) 
f  Friction factor  
F  Faraday constant, (96,487 C/mol) 
GDM  Gas Diffusion Media 
I  Transmitted neutrons, (per second per cm2) 
Io  Incident neutrons, (per second per cm2) 
J  Current density, (A/cm2) 
K  Absolute Permeability, (m2) 
l  Channel length, (cm) 
L  Collimator length, (cm) 
•
gm   Gas mass flow rate, (g/s) 
•
lm   Liquid mass flow rate, (g/s) 
MEA  Membrane Electrode Assembly 
MPL   Microporous Layer 
N  Atomic density, (atoms per cm3) 
nch  Number of channels 
np  Number of passes 
P     Pressure, (Pa) 
PEMFC  Polymer Electrolyte Membrane Fuel Cell 
t  Sample thickness, (cm)   
u  Velocity vector, (m/s) 
u  x-direction velocity component, (m/s) 
   viii 
V   Average velocity, (cm/s) 
wch  Channel width, (cm) 
wld  Land width, (cm) 
gx   Gas phase quality 
 
Greek Letters 
 
α  Ratio of net H2O flux in the membrane to H2O flux of cathodic product 
ε  Porosity 
wCϕ   Molar flux of H2O 
λl  Liquid surface tension  
µ  Dynamic viscosity, (N s/m2) 
θ  Contact angle, (°) 
ρ  Density, (kg/m3) 
Σ  Macroscopic Neutron Cross Section, (cm-1) 
σ   Neutron Cross Section of Atom, (10-24 cm2) 
ψ  Wetted perimeter, (cm) 
 
Subscripts 
 
ch  Channel 
g  Gas 
H  Hydraulic  
l  Liquid 
ld  Land 
N  Neutron aperture  
o  Initial 
p  Passes 
wc  Water  
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1. INTRODUCTION 
 
 Since the fuel cell was first discovered, the technology has continually evolved 
through on going research and development.  The fuel cell is unique in that it is a 
renewable primary power source with almost no size limitation.  This makes the fuel cell 
an ideal solution for power demands that need to be light weight and offer continuous 
energy generation.  
 A number of major manufacturers are supporting ongoing research into this 
technology.  Fuel cells have great promise for stationary, portable and automotive 
applications.  Due to their low operating temperature, the majority of research has been 
focused on polymer electrolyte membrane fuel cells (PEMFC). 
 As this technology progresses and cells have been developed that can run to high 
current densities, the most important efficiency loss to consider is due to water transport 
inside the cell.  The amount of water produced by the oxygen reduction reaction is much 
larger than is necessary for proton conduction.  The excess water needs to be removed 
with the exhaust gas via the gas diffusers and flow channels that deliver the inlet gas to 
the catalyst.  Designing the gas delivery/exhaust system to efficiently remove this excess 
water from the cell is imperative for developing a high efficiency fuel cell. 
 In this investigation, experimental work was conducted with a 50cm2 single cell 
PEMFC.  The primary goal was to demonstrate the effectiveness of a non-invasive liquid 
water locating technique that could be applied to water management studies in the 
PEMFC.  A wide variety of components and current loads were tested. 
 The literature review section offers a comprehensive description of the 
phenomena involved with water transport inside a fuel cell.  This knowledge is applied to 
the experimental set-up and resulting data analysis.  The results generated in this work 
are believed to be useful in fuel cell design for decreasing the mass transport losses in a 
PEMFC. 
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2. LITERATURE REVIEW 
  
 There are few studies available that have investigated liquid water transport inside 
a running fuel cell. One of the reasons for this is that there are multiple factors that 
influence the management of liquid water. Softgoods (membrane, electrodes, and gas 
diffusion media) as well as the hardware (flow fields) each contribute to the 
retention/rejection of humidified gases as well as product liquid water.   The following 
sections will describe some of the basic aspects of the different elements involved in the 
present study.  
 
2.1 PEM Fuel Cell Principles 
 
 Fuel cell technology has been in development for almost 170 years.  Following 
NASA’s intensive research on fuel cell technology in the 1950’s, the technology 
accelerated, and today fuel cells are expected to become an affordable and pollution free 
energy source.  Fuel cell uses are potentially unlimited, but replacing automotive internal 
combustion engines is the primary focus of many fuel cell studies. 
 In the following sections the history of this technology and its characterization 
methods will be outlined.  Primarily, the focus will be on mechanical structure of a PEM 
fuel cell. 
 
2.1.1 PEM Fuel Cell History 
 
 The principle of a fuel cell was first discovered by the British physicist William 
Grove (1839).  Two researchers, Charles Langer and Ludwig Mond (1889), coined the 
term “fuel cell” as they were trying to engineer the first practical fuel cell using air and 
coal gas.  Francis Bacon (1932) developed what was perhaps the first successful fuel cell 
device, with a hydrogen-oxygen cell using alkaline electrolytes and nickel electrodes.  
 The technology was next utilized by NASA in the 1950’s for space flight power 
generation.  NASA soon came to fund hundreds of research contracts involving fuel cell 
technology. Fuel cells were very desirable to engineers developing space flight vehicles 
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for decreased weight (in comparison to batteries), and the spacecrafts were already 
carrying liquid hydrogen and oxygen. 
  There are several types of fuel cells that were spawned as a result of NASAs 
research, one of which was the solid polymer electrolyte fuel cell.  Grubb and Niedrach 
(1960) at General Electric developed a solid polymer electrolyte which eliminated the 
difficulties of sealing a liquid alkaline electrolyte[1].  The design still utilized a platinum-
based catalyst so the issue of carbon monoxide poisoning (a by-product of most hydrogen 
reforming methods) was not overcome. This design was used soon after it was developed 
in the NASA Gemini space missions but since pure hydrogen was used as the fuel, 
carbon monoxide poisoning was not a concern.  The ion-exchange membrane electrolyte 
consisted of cross-linked polystyrene with sulfonic acid (HSO3-) at the end of each side 
chain and was bound with an inert binder.  The acidity was not diluted because the 
membrane rejected water when it was saturated.  
 The solid polymer design was considered to be an improved design, but to 
maintain high conductivity it was necessary to introduce inlet gas that was 100% 
humidified. Similar to alkaline fuel cells previously developed, the challenge was in 
maintaining a balance of liquid water in the system; it was crucial to remove liquid water 
created by the reaction, but also to maintain a sufficient amount of water to hydrate the 
membrane.  Durability was a principle concern with the solid polymer membrane due to 
its degradation rate quantified by a cell voltage decay of 1-5mV per hour[1]. 
 Grot (1972) at E.I. du Pont do Nemours and Company introduced a polymer that 
would eventually be referred to as Nafion®; this polymer resisted the chemical 
degradation with H2O2[2].  Later Raistrick (1986) of the Los Alamos National Laboratory 
developed a method to make electrodes that incorporated a proton conductor.  This 
reduced the amount of catalyst needed to attain a specified current by one order of 
magnitude.  Reducing the amount of platinum catalyst required made fuel cell power 
generation a possibility by significantly reducing cost.   
 Today there are several private companies conducting fuel cell research in hopes 
of further reducing the cost and increasing the efficiency of fuel cell technology.  The 
major auto manufactures have a vested interest in fuel cell power to meet the increased 
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emissions standards set by the Environmental Protection Agency.  Mass production of a 
fuel cell vehicle is expected by 2010. 
  
2.1.2 PEM Fuel Cell Operation 
 
 The polymer electrolyte membrane fuel cell (PEMFC) is seen as the best 
candidate for automotive applications due to several advantages over other types of fuel 
cells.  PEMFCs operate at low temperature (~80°C), allowing for fast start-up and quick 
response to changes in power demand. 
 The PEMFC consists of anode and cathode catalyst layers with a polymer 
electrolyte that facilitates proton conduction.  Hydrogen is supplied at the anode through 
a flow field where it is diffused through the gas diffusion media (abbreviated GDM) to 
the platinum catalyst.  The platinum-based catalyst layer is an agglomerate layer 
composed of platinum particles supported on carbon mixed with an electrolyte.  The layer 
is then subsequently pressed onto the polymer membrane, forming the membrane 
electrode assembly (MEA).  At the catalyst site the hydrogen dissociates into charged 
protons and electrons.  The protons are conducted through the membrane to the cathode 
side while the electrons flow through an external load circuit.  At the cathode oxygen is 
supplied in the same manner that hydrogen is supplied the anode.  These protons and 
electrons combine at the cathode and react with oxygen anions to produce water.  This 
product water is expelled from the cathode GDM where it exits the cell with the exhaust 
gas in the cathode flow field.  A cross section schematic of an operating PEMFC is 
shown in Fig.(2.1). The electrochemical reactions are: 
 
Anodic: H2 Æ 2H+ + 2e-        E° =  0.0 V 
Cathodic:   ½O2 + 2e- Æ O2-   E° =  1.23 V 
Net Reaction: H2 + ½ O2 Æ H2O   E° =  1.23 V  
 
 Mass transport losses due to liquid water produced in the cathodic reaction are 
one of the largest efficiency losses, particularly at high load.  Removing excess water 
from the cell assembly is termed ‘water management’.   Effective water management can 
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be achieved though the design of the electrode, GDM, and flow field.  Currently little 
empirical evidence exists which describes where liquid water in the cathode assembly 
remains stagnant and impedes reactant gas transport.  
 
 
 
Figure 2.1 Principle set-up of PEMFC assembly (not to scale). 
 
 
 
2.1.3 Flow Field Design Parameters 
 
 The flow field has four main tasks in overall fuel cell operation: current 
conduction, heat conduction, control of gas flow, and product water removal.  A rib and 
channel design is proved to be the most effective method.  The size of the open flow 
structure is dependent on the resistivity of the materials used, which dictates how much 
land area is required for electrical conduction.  Fluid dynamic modeling is the one 
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method of approaching the complex task of optimizing the flow field structure, although 
almost all existing models don’t explicitly treat liquid water transport. 
 Cathode water removal complicates flow field design further as this represents 
two-phase flow.  While increasing the flow rate will help to release water from the 
cathode GDM and flow channels, thus opening up room for gas transport, the increased 
flow rate will create turbulent gas flow that will increase the pressure differential in the 
channels.  Increased pressure differential will require compression energy that is not 
desirable in the overall system due to weight increase (for automotive application) and 
decrease in system efficiency.   
 Channel geometry profile complexity is ultimately restricted by limitations and 
cost of manufacturing.  The primary design parameters of a typical serpentine design are 
the number of channels nc, number of passes np, channel length l, channel width wc, 
landing width wl, and channel depth dc (see figure 2.2).      
 
 
 
 
Figure 2.2 Features of a typical flow field. 
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 The flow channel aspect ratio wd/wl has the greatest influence on fuel cell 
performance.  Wide land widths, wl, require more gas diffusion in-plane to maintain an 
even reactant distribution over the land area.  An optimal design would reduce wl with 
compromises made between increased electrode layer contact with reactants versus 
contact resistance and shearing force after compression. 
 Researchers have investigated the effects of channel properties on fuel cell 
performance.  Published results using CFD models on the flow field design demonstrate 
that the design parameters have the most significant effect on the efficient use of the 
hydrogen fuel.  Triangular and hemispherical channel geometries yield a higher 
percentage of anode reactant consumption than rectangular geometry.  Hydrogen 
consumption in the anode increases with decreased land width of flow field plate [3]. 
 Flow through the channels is usually laminar, and turbulent flows would only be 
observed at very high stoichiometric ratios.  Mixing the reactant gas in the channels is 
imperative because only a thin layer of gas is contacting the GDM at any instant in time 
and this depleted layer must constantly be re-circulated.  Since the flow is laminar, 
mixing is primarily achieved with the serpentine flow pattern.  Turbulent mixing can be 
achieved by incorporating features into the gas stream to persuade mixing.  Adding such 
features would increase the differential pressure through the channel.  Using Darcy’s law, 
the pressure drop for the pipe flow is calculated as follows [4]: 
 
HD
VflP
2
2ρ
=∆      (Equation 2.1) 
 
 The friction factor f in equation 2.1 is equal to 64/Re for laminar flow, where Re 
is the Reynolds number as follows: 
 
µ
ρ HDV
=Re      (Equation 2.2) 
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2.1.4 Two-phase Flow in Flow Field Channels 
 
 Liquid water accumulates in the flow field channels in the form of water droplets, 
water slugs, or water film.  The formation of liquid water at different flow rates is 
dependent on characteristics of the flow field such as geometry, surface energy, and 
surface roughness.  Characterizing pressure through the channel in a single-phase manner 
as done with equations 2.1 and 2.2 is not an accurate projection of the in-situ pressure 
drop.  A more appropriate account for the two-phase flow is calculated as follows [5]: 
 
⎟⎟⎠
⎞
⎜⎜⎝
⎛
×
⎥⎥⎦
⎤
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ρ
   (Equation 2.3) 
 
Where xg is the gas phase quality: 
 
••
•
+
=
lg
g
g
mm
m
x      (Equation 2.4) 
 
 The momentum of the reactant gas can remove fine water droplets in the channels 
with negligible effect on the channel pressure drop.  Water films have a more significant 
effect on channel pressure drop as they effectively reduce the channel diameter.  In low 
pressure application the channel properties have a crucial roll in fuel cell performance.  It 
has been observed that water films are more likely to develop in hemispherical channels 
than channels consisting of rectangular geometry.  This is attributed to the sharp corners 
at the bottom of the channel which help to break the surface tension of the water film.  In 
these corners there is a significantly lower flow rate, which allows water droplets to 
accumulate then flow easily out of the channel.  It has also been observed that applying a 
slight draft angle to the channel wall will further resist film formation, hence a larger 
angle will retain less water [6]. 
 The governing transport phenomenon equations used to model a fuel cell are the 
continuity, momentum, and species equations.  Describing the two-phase mixture in the 
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gas channels can be done using the Navier-Stokes equation derived from conservation of 
mass and momentum laws. 
 
)()()( 2 uuu µρρ ∇⋅∇+−∇=⋅∇+∂
∂ P
t
   (Equation 2.5) 
 
  Darcy’s law is used to describe conservation of momentum in a porous medium.  
The application of Darcy’s law to the two-phase mixture in the gas diffuser is as  
follows [7].   
 
)()()()( 2 uuuu εµµρρ
K
P
t
−∇⋅∇+−∇=⋅∇+∂
∂  (Equation 2.6) 
 
 Several CFD models of two-phase transport have been derived using these 
conservation laws along with constitutive equations for the cathode side of a PEMFC.  
One of the most comprehensive was published by You and Liu [8].  The parameters used 
to generate the model included all expected fuel cell operating conditions, and the 
assumptions were steady state, laminar flow, isotropic porous media, and an isothermal 
domain.  The results of this model demonstrated several things that will help correlate 
theory to the experimental data. 
First, a higher oxygen mass fraction gradient exists in the catalyst layer than in the 
GDM and flow channels.  The model also indicated that the mass fraction of water near 
the outlet is relatively high, where the water partial pressure is higher than the saturated 
vapor pressure, which indicates liquid water at the outlet of the cathode channel.  Upon 
using unsaturated inlet air in the model, the vapor mass fraction increases over the 
entrance end of a channel due to the evaporation of liquid water from the catalyst layer.  
Once the air reaches its saturation state, liquid water is formed.  After this point, the 
water vapor mass fraction remains constant for the rest of the channel length.  The liquid 
water saturation field shows liquid water increasing along the flow direction, and liquid 
water saturation decreases from the catalyst layer toward the channel.  In contrast, when 
using completely saturated inlet gas, the liquid saturation in the gas channel is higher than 
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the diffusion layer only at low current density.  It was noted that two-phase flow formed 
at the beginning of the flow channel and exists even with no load when using 100% 
humidified gas in the cathode inlet.  The study also investigated the effect of current 
density on liquid water saturation in the GDM/catalyst layer interface, and the result was 
increased water saturation at this interface with increased load. 
Other studies have displayed similar results in regard to the liquid water 
accumulation inside the cathode assemblies.  From these models there are several notable 
results with respect to this study:   
• The mixture velocity at high current density in the porous (softgood- 
assembly) cathode is at least two orders of magnitude slower than the open 
channels, indicating the gas diffusion is the dominant transport mechanism 
in the porous cathode [9].   
• The mass flux of liquid water due to gravity is less than 0.1% of that 
caused by capillary action in the two-phase zone.  This implies a 
negligible effect of gravity as compared with the surface tension effect in 
the two-phase zone within the diffusion media [9].  However, gravity can 
influence flow field transport, depending on channel geometry. 
• Ideal performance regimes for flow field channel operation are either 
annular or spray regimes [3]. 
• After the fraction of electrode flooding reaches a peak, the flooding 
decreases due to improved water removal by the higher volume flow rate 
of gas in the cathode channels [10]. 
• Water flux through the membrane is dependent on combined actions of 
hydraulic permeation, back diffusion and electro-osmotic drag.  Water 
transport through the membrane can be in both directions between the 
anode and cathode sides. 
Characterizing the surface energy of the flow channels is essential to develop a 
fundamental understanding of transport along the flow field surface.  There are two 
principle techniques used to measure the surface contact angle: sessile drop method 
(goniometry); and tensiometry (Wilhelmy) method. 
   11 
 The goniometry method is performed by placing a water droplet on the test 
surface.  The contact angle in this method is defined as the angle between the liquid-gas 
interface and the solid test surface.  This is measurement of static contact angle where 90° 
is the threshold between hydrophilic (<90°) and hydrophobic (>90°). 
 The tensiometry method is more appropriate for measuring contact angle in two-
phase fluid dynamics studies.  This method is performed by hanging the test coupon 
above a water bath, then filling water until it contacts the test coupon.  At this point the 
force on the coupon is measured.  The weight of the coupon and buoyancy force is 
removed from the total force on the coupon leaving only the wetting force.  Two contact 
angles are measured with this method, both advancing (as the water fills) and receding 
(as the water is drained).  These contact angles are extracted with the following equation: 
 
θψλ coslwF =      (Equation 2.7) 
 
The advancing and receding contact angles will predict dynamic liquid interaction with 
the solid surface and can be measured at various velocities.  The dynamic contact angles 
measured at small velocities should be similar to those measured statically with the water 
drop method. 
 
2.1.5 Gas Diffusion Media and Characterization 
 
  Although not active in the electrochemical reaction, the gas diffusion media 
serves several functions.  The primary task of the diffusion media is to deliver the 
reactant gas from the flow field to the catalyst layer for oxidation/reduction reactions.  
Likewise, the gas diffusion media is relied upon for product water removal.  Product 
water from the electrochemical reaction needs to be delivered to the flow field so that it 
can be carried away in the exhaust stream.  Whether in the vapor or liquid phase, the gas 
diffusion media must wick the water away, reducing mass transport losses.  Other 
functions of the GDM include being both an electrical as well as a thermal conductor.  
The former aids in forming a continuous path for electrons to the flow field and 
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subsequently the external circuit.  The latter removes heat from the MEA and conducts it 
to the plate where coolant channels are located. 
 In order to fulfill the functions specified above, GDM for PEMFC is composed of 
a carbon fiber paper or carbon cloth.  Carbon fiber paper was used in this study.  One 
method of production is to start with PAN fibers, bind the fibers together with a 
polymeric resin, and graphitize them to form a highly porous (~70% void) material.  
Typically, the paper is around 200µm in thickness, and is high graphitized to promote the 
electrical and thermal conductivity requirements.     
 To minimize mass transport losses, certain parameters of the GDM need to be 
optimized.  Included in these are the porosity, thickness, mean pore size, and both in- 
plane and through plane permeability.  In addition, to promote maximum gas delivery 
and excess water retention, certain regions of the GDM should contain areas of 
hydrophobicity and hyrophilicity.  Permeabilities are measured at a specified pressure 
and are reported in various units such as Gurley seconds and Darcies.   
   Additional treatments or coatings are sometimes applied to the carbon fiber 
paper in order to aid in water management. These treatments can change the 
hydrophobicity of the paper, porosity, permeability, thickness, and mean pore size. 
Ultimately, the goal of these treatments is to wick the excess water away from the 
catalyst layer.  Traditional treatments include coating the paper in PTFE and/or coating a 
microporous layer (MPL) onto the carbon fiber paper. These coatings are usually a 
carbon/PTFE mixture that is coated onto the side of the paper adjacent to the MEA. 
Several studies have been conducted in order to optimize what materials and what 
quantities are optimal for water rejection.   
 To characterize the GDL the pore size, porosity, and permeability are important 
parameters for single phase flow, while the surface contact angle and liquid retention are 
important parameter for describing two-phase flow and transport within a GDM.  The 
capillary forces that dominate transport are defined as the difference between gas and 
liquid phase pressures resulting from the curved meniscus interface. 
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2.1.6 Mass Transport Effects 
 
 At high current densities mass transport losses in the cathode play the largest role 
as the cell approaches limiting current.  The end of the linear region of the 
current/potential (polarization) curve demonstrates the effect of mass transport loss (see 
fig. 2.3). 
 
 
 
Figure 2.3 Effect fuel cell irreversibilities on potential [1].  
 
 
 
Mass transport loss is attributed to several factors: reduced partial pressure of oxygen in 
air, limited diffusion of oxygen in the catalyst and gas diffusion layers, and the blocking 
of gas by water droplets formed in the flow field or inside the electrode. 
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2.1.7 Fuel Cell Water Production Rates 
 
 In this study it is important to quantify the volume of water produced by the 
cathodic reaction over a period of time.  Calculating the molar flux of H2O ( wCϕ ) 
produced at different current densities is as follows [11]: 
)1(
2
αϕ +=
F
J
wC    (Equation 2.7) 
 The variable, α, is the ratio of net H2O flux in the membrane to H2O flux of 
cathodic product.  This quantifies water moving through the membrane due to electro-
osmotic drag and back diffusion.  Assuming α to be zero is a conservative estimate of 
water flux in the cathode.  The variable, J, is the current density (A/cm2), and F, is the 
Faraday constant.    
   
2.2 Neutron Radiography 
 
 Neutron radiography is a non-destructive testing method with a variety of 
industrial applications.  Usually neutron radiography inspections are chosen in cases 
where X-ray and other non-destructive testing (NDT) methods fail.  This can happen in 
objects consisting of metallic structure, where thermal neutrons are able to penetrate 
thicker material layers.  Thermal neutrons have high sensitivity for hydrogenous material, 
which allows the detection of small amounts of water, glue, lubricants, etc. within 
metallic structures. 
 
2.2.1 Historical Evolution of Neutron Radiography 
 
 Radiography was initially discovered by Roentgen (1895), who obtained a 
radiographic image using a high voltage vacuum tube and florescent screen.  X-rays were 
soon discovered and employed in medical diagnosis, which spawned a new domain of 
medical practice.  X-rays were later used by scientists as a probe for the study of 
fundamental properties of matter.  The eventual availability of gamma-ray sources led to 
a further expansion of diagnostic electromagnetic radiation testing. 
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 The discovery of the neutron by Chadwick (1932) led to important new directions 
in science and technology.  Neutron interaction was unique in comparison to X-rays and 
gamma-rays because it is characterized by nuclear rather than electronic characteristics of 
the medium through the radiation passes.  Neutrons constitute a non-ionizing form of 
radiation and the difficulties of producing them posed a number of practical problems.  
The development of neutron radiographic applications was dormant until the advent of 
sufficiently intense neutron sources that became available with the development of 
research reactors in the 1950’s. 
 Neutron beams are most commonly produced by nuclear fission reactors.  For the 
purposes of this study, only fission neutron sources will be considered.  The most 
important parameters for consideration of a neutron source are its intensity, the spectrum 
of neutron energies, and the collimation of the neutron beam. 
 
2.2.2 Basic Physics Involved with Neutron Radiography 
 
 Neutron radiography involves three principle components: a collimated beam, a 
test object, and a device to record the radiation intensity transmitted through the object.  
These three system components are depicted in Figure 2.4.  As neutrons probe a test 
specimen, they interact with nuclei by scattering and absorbtion.  The probability of such 
an event is an isotropic, rather than elemental, property and accounts for the unique 
radiographic information available with neutron beams [12]. 
 The collimator is an assembly that forms the beam into a desired geometric shape 
and may also include filters to modify the energy spectrum of the beam or reduce the 
content of gamma rays.   The image resolution achievable from the beam is very much 
dependent on the collimator geometry and is expressed by the L/D ratio, where L is the 
length of the collimator and D is the aperture of the collimator on the side of the source.  
The L/D ratio and collimator geometry must be tailored based on neutron flux and the 
particular reactor.  In general a greater L/D ratio represents better image resolution. 
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Figure 2.4 Principle components of a neutron radiography system (Paul Scherrer 
Institute, PSI) [13]. 
 
  
 
The object to be evaluated with neutron radiography can be virtually any form of 
matter smaller than the beam diameter.  In general neutrons will attenuate inversely to 
attenuation caused by X-rays.  Section 2.2.3 describes the benefits of neutron 
radiography. 
 The final element is the detector, which is able to measure the neutron field in two 
dimensions perpendicular to the neutron beam.  Without a method of detecting the 
neutron energies transmitted through a sample, the neutron beam would have no value.  
The detector must be larger then the beam cross section and the detector type must be 
chosen based on the boundary conditions of spatial and time resolution.  Figure 2.5 gives 
an overview of these parameters for the most common detectors.  For each type of 
detector the inherent properties are governed by a nuclear reaction initiated by the 
neutrons.  Table 2.1 summarizes the important parameters of radiography detectors.  
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Figure 2.5 Comparison of detector properties (PSI) [13]. 
 
 
 
 
Table 2.1 Summary of detector properties (PSI) [13]. 
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The experiments executed in this study utilized a highly light sensitive CCD 
camera chilled with a thermal electric cooler focused on a weak photon emission from a 
neutron sensitive scintillator.  The neutron probes transmitted were converted to light by 
a 6Li embedded ZnS(Cu) scintillator.  Neutrons are absorbed by 6Li, and 7Li is produced 
which promptly decays to charged particles 4He and 3H.  The ZnS(Cu) matrix stops these 
particles, and the energy that is deposited into the electronic bonds of the ZnS is released 
as light in a scintillation event.  This light was reflected onto a convex camera lens that 
focused the light to the CCD chip.  The CCD array recorded the amount of light 
scintillated in each pixel during the image exposure.    
 
2.2.3 Relationship between Neutron Transmission and Atomic Density 
 
Every element will absorb and scatter neutrons with different energies, and 
neutron radiography will contrast these substances.  Absorption is represented by the 
neutron beam intensity being reduced with the propagation direction remaining 
unchanged.  Scattering represents changes in both intensity and direction. Unlike X-rays, 
neutrons will interact strongly with some light materials and pass though some heavy 
materials easily.  This makes neutron radiography an ideal complementary technique to 
X-rays, by probing (in some cases) essentially the opposite spectrum of material 
densities.  Figure 2.6 illustrates this imaging contrast. 
 
Neutron radiography X-ray radiography  
Figure 2.6 Comparison of neutron and X-ray radiography images (PSI) [13]. 
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A neutron is an electrically neutral particle that has weak interactions with 
materials that it can penetrate deeply.  This property is contrary to X-ray interaction that 
is dominated by the electron shell of the atom being probed.  As a result a neutron has a 
high sensitivity to light atoms such as hydrogen and oxygen, and inversely penetrates 
metals easily.  In turn, elements with a similar atomic number can be easily differentiated 
with neutrons in comparison to X-rays. Figure 2.7 illustrates an attenuation comparison 
between elements probes with neutron and X-rays. 
 
Figure 2.7 X-ray vs. neutron attenuation of different elements (NIST). 
 
 
Quantifying the thickness of a known material with a measured neutron cross-
section (σ) is possible using the Lambert Exponential Attenuation Law.  By assuming a 
collimated beam of radiant power, I, and traverse thickness, dx, of an absorbing and 
scattering material, the governing equation is derived as follows: 
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Figure 2.8 Incident neutron beam to sample of thickness dx. 
 
The change in radiant intensity can be expressed by:  
          
   
Integrating: 
 
 
 
The transmitted neutrons are described with the following equation: 
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Figure 2.9 Relationship between transmission and density values (Jacobson, NIST). 
 
 
In Equation 2.8, the macroscopic cross is the sum of both absorption and scattering cross 
sections.  The macroscopic cross section is given by Σ(x)=N(x)σ(x) (cm-1) where N(x) is 
the point to point local atom density(cm-3), σ(x) is the effective local cross-sectional area 
(10-24 cm2) that the atom presents to remove neutrons from the beam and t is the total 
differential thickness (dx) of the material (cm).   
 This exponential attenuation law and neutron radiography is ideally suited for 
measuring the unknown thickness of a material within a metallic structure.  Inversely, the 
macroscopic neutron cross section of a material of known thickness can be determined.  
Referring to Figure 2.9, the attenuation that is dependent on a material’s density is 
directly related to the transmission value. 
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3. EXPERIMENTAL 
 
 This work represents one of the first attempts to measure water accumulation in a 
running fuel cell using neutron radiography.  As a result of previous experiments 
conducted, a novel fuel cell design was developed for testing.  State-of-the-art fuel cell 
testing equipment was used in conjunction with testing procedures and calibrations that 
would yield clear and quantitative results.   
 The experiments consisted of two separate studies: effect of GDM properties on 
water accumulation and the effects of cathode channel properties on water accumulation.  
Both studies were concerned with time averaged quantities of liquid water and their 
distribution within the cell. 
 
3.1 PEMFC Design and Test Set-up 
 
 These experiments required a unique design due to the limitations of the resulting 
data.  The hardware of the test cell was tailored for both the neutron facility and the data 
analysis.  A commercial test stand was utilized to control the operation of the cell while 
recording data.  The cells were constructed in a constant and uniform manner with 
considerations in the following: compression, material integrity, and alignment.  The test 
conditions were chosen to be representative of industry direction and known conditions 
that display the most prevalent water management obstacles.  
 
3.1.1 Single Cell PEMFC Hardware Design 
 
 The test hardware design is essential in order to obtain the highest resolution 
neutron images in the active area of the fuel cell.  The compression end plates were 
slightly modified from the most common configuration used for single cell 50cm2 testing 
to be more compatible with neutron imaging.  The heater rods were moved to the outer 
edges of the cell, and the control thermocouple was moved outside the active area.  The 
bolt pattern and dimensions were kept the same as the standard hardware to remove an 
added variable of compression distribution.  The cross-sectional thickness of hardware 
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and material also remained constant.  The gas inlet and outlet port locations were 
repositioned from the standard hardware to fit space constraints and the test stand 
position at the neutron source. 
 Both the anode and cathode flow field plates have a low pressure differential 
design that was used to correlate the results with the direction of ongoing research trends.  
Figure 3.1 demonstrates the serpentine pattern used.   
 
 
 
Figure 3.1 Serpentine Pattern. 
 
 
This five channel, five pass pattern has been tested and proven to be the best model for 
demonstrating water management issues similar to full-scale hardware.  With a large 
hydraulic diameter and a minimal amount of turns, this flow field pattern yields a low 
pressure drop between the inlet and the outlet. 
Thus, two different cross sectional geometries were imposed into the set 
serpentine pattern.  The first geometry is rectangular with dimensions: 1.37 mm width 
and 0.38 mm depth.  The second geometry is triangular with dimensions: 1.37 mm width 
and 0.76 mm depth; these dimensions form the geometry of an isosceles triangle.   The 
cross-sectional area was kept constant between both test sections to maintain constant 
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mean velocity in both channel geometries.  The hydraulic diameters of the rectangular 
and triangular cross sections are: 0.68mm and 0.71mm respectively.   Figure 3.2 is cross-
sectional view of the rectangular and triangular geometries, respectively. 
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Figure 3.2 Cross-sectional view of flow channel geometry. 
 
 
Previous experiments established a need to distinguish anode flow from cathode 
flows.  The results obtained in these earlier experiments revealed that fluid flows were 
moving through the channels in the same direction and position, so it was determined that 
running the flow fields orthogonally to each other would make it possible to discriminate 
water in the anode from water in the cathode when viewing the radiographs.  Figure 3.3 is 
a visualization of the flow channel orientation.  In Figure 3.3 the observer is looking 
through the anode toward the cathode.  Reference channels outside of the active area are 
also incorporated into the design.  These reference channels will make it possible to 
observe the attenuation of the humidified inlet gas and later subtract that attenuation from 
the radiographs, in turn isolating only the liquid phase.  The pattern in Figure 3.3 is the 
same orientation as all neutron images that were taken of the running fuel cell.  It can be 
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observed that a water slug in the black anode channels will be easily distinguished from a 
water slug in the red cathode channel. 
 
 
Figure 3.3 Assembled channel orientation (anode ch.: black, cathode ch.: red). 
 
The cell assembly in Figure 3.3 forms a grid of areas between crossing channels 
that consist only of GDM and MEA.  The flow fields were designed in this manner 
intentionally so observations could be made concerning water accumulation in only the 
GDM and MEA.  This design also made it possible to examine water accumulation in the 
GDM and MEA in different areas of the cell.     
The flow field plates were fabricated from two materials: graphite and aluminum.  
It was desired to use aluminum instead of graphite because aluminum has a considerably 
smaller neutron attenuation coefficient (0.10 barns compared to 0.63 barns). The 
aluminum was gold plated with a nickel strike intermediate layer.  The gold plating was 
necessary to avoid corrosion (leading to poisoning of the MEA) and to reduce contact 
Reference Channels
Inlet
 
Outlet
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resistance.  This plating technique is not known to be robust, but it did endure the short 
experiments documented here.  The graphite flow fields to be used if the gold plated 
aluminum was not durable for the entire length of the experiments.  The graphite plates 
were used for performance and durability testing conducted without neutron imaging. 
 To include a variation of surface energy into this study, research and 
experimentation was required.  A baked-on PTFE coating was attempted, but the result 
was non-uniform and too thick.  An acid bath was found to destroy the gold.  Polishing or 
scuffing would be very difficult to do uniformly.  A long chain polymer coating seemed 
to be the best option, but it could not consist of any material that might poison the MEA.  
PTFE is known to be safe in this regard.  TUA Systems (Merritt Island, FL) coated the 
plates with an ionically bonded PTFE coating developed for durability.    The formulation 
and application process were not disclosed, but it was ascertained that the thickness of 
this coating was less than 2 microns.  This coating was applied to two cathode flow fields 
consisting of each of the two cross-sectional geometries (rectangular and triangular). 
 
3.1.2 Fuel Cell Test Stand 
 
 A commercial fuel cell test station was used to conduct all experiments.  A 
Teledyne Energy Systems MEDUSATM PEM fuel cell test station model 890C was 
employed for all aspects of running the fuel cell.  The system was utilized for gas 
humidification, flow control, pressure control, temperature control, load control, and data 
logging.  The specifications for these controls are given in Table 3.1.  Flexible heated 
inlet lines (Claborne Labs, CA) were used in place of the stainless steel lines supplied 
with the stand.  These inlet lines were controlled with separate PID controllers set to 5°C 
above the dew point of the reactant gas to minimize inlet condensation.  Great care was 
taken to ensure that the inlet lines were insulated and heated evenly.  Pressure transducers 
were also added to the inlet gas stream on both the anode and cathode to record the 
upstream pressure.  The constant back pressure that was set manually was subtracted 
from the upstream pressure later in the data analysis to result in a pressure differential in 
both the anode and cathode. 
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Control    Specification            
Load    0-125 Amps 
Anode flow   0-2 lpm 
Anode Gas   Hydrogen (from hydrogen generator) 
Cathode flow   0-5 lpm 
Cathode Gas   Zero Grade Air 
Dew point temperature   25°- 99°C 
Cell temperature   25°- 99°C 
Back pressure   0 - 50 psig 
Logger rate   min. 1 sec 
 
Table 3.1 Fuel cell test stand control specifications. 
 
 
3.1.3 Soft Goods 
 
 The term softgoods refers to the membrane electrode assembly (MEA) and gas 
diffusion media (GDM).  The MEA and GDM were replaced for every new test 
configuration.  The MEA type used in all tests was a W. L. Gore & Associates 25µm 
Nafion® based polymer membrane with 0.4/0.4 mg/cm2 loading of carbon supported 
platinum in a Nafion® ionomer pressed on both the anode and cathode sides.  There were 
three different GDM configurations used that are represented in Table 3.2. 
 
 
Table 3.2 GDM parameters. 
        Permeability     
    Substrate Thickness Densometer Pereometer In-Plane (∆P) (kPa) Porosity 
GDM MPL PTFE (%) (µm) (sec/100cc) (ft3/min/ft2) (44 sccm @ 458 psi) (% void) 
Toray 090 No 7 190 - 56 4.2 70 
Toray 060 No 7 190 - 57 2.8 70 
SGL 20BC Yes 5 260 63 - 34 70 - 80 
SGL 21BC Yes 5 259 19 - 27 70 - 80 
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 In Table 3.2 permeability values were obtained with two different instruments, a 
Gurley Densometer and a Gurley Pereometer.  Depending on material density one of the 
two methods of measuring permeability was selected.  The pereometer measures actual 
air flow through the material in units of cubic feet per minute per square foot at a 
pressure drop of 0.5 inch of water.  The densometer measures time required to force a 
known volume of air through one square inch of material at a pressure drop of 4.88 inch 
of water.  For the GDM in this study the pereometer was used for substrates without a 
microporous layer applied and the densometer was used for substrates with a 
microporous layer.  The in-plane pressure drop was measured by forcing air through a 
hole in the center of disk shaped sample of GDM that was sealed between two plates and 
measuring the upstream and exit pressures.   Porosity void is calculated based on fiber 
size, binder volume fraction, and manufacturing process, as disclosed from the 
manufacturer. 
The Toray T060 and T090 were dipped in a PTFE solution and sintered to 
increase hydrophobicity with a resulting PTFE content of 7%.  The cells were assembled 
with T060 on the anode side and T090 on the cathode side of the cell.  The SGL GDM 
was used as it was received from the manufacturer. 
 
3.1.4 Cell Assembly 
 
 Each test cell was assembled with the same methods of alignment and 
compression.  Improper alignment would most likely result in a short between the anode 
and cathode in addition to promotion of gas crossover. Studies have been conducted that 
very closely correlated compression distribution over the softgoods with cell 
performance. 
 Proper alignment was achieved through pins that located each component 
successively as the cell was assembled (note pin holes on sides of flow field plate 
illustrated in Figure 3.1).  At each end of the cell was a one inch thick aluminum 
compression plate with eight screw holes distributed even around the perimeter of the 
plate.  Adjacent to each plate was a 1/16 inch thick gold coated aluminum current 
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collector plate that was insulated from the compression plate.  Next to the collector plate 
was the flow field; these three components were aligned with two pins at the gas inlets to 
the flow field.  The anode and cathode sides are aligned by two pins in the flow field 
plates that protrude through the gasket area of the MEA.  Figure 3.4 illustrates this 
alignment configuration with an exploded view of the cell assembly.  
 
 
 
 
Figure 3.4 Exploded view of cell assembly (not to scale). 
 
 
To assure even compression distribution each GDM was measured with a 
calibrated micrometer and gasket thickness was adjusted accordingly to compress the 
GDM overall thickness by 20% in all test cells.  Once the hardware was assembled, the 
compression bolts were torqued evenly in increments of 10 in-lb until each bolt was 
loaded with 150 in-lbs. 
 
Flow Fields 
Current Collectors 
Compression Plates 
Locating Pins 
Gaskets - GDM - MEA 
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3.1.5 Test Stand Calibration 
 
 It was necessary to verify flow rates and dew points requested from the 
controllers in the test stand apparatus.  The mass flow controllers (MFCs) were calibrated 
using a MolboxTM flow meter.  The MFCs have a typical uncorrectable error of +/- .020 
lpm, and the calibration curves were well within this expected error range.  See Figures 
3.5 and 3.6 for anode and cathode MFC calibration curves. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5 Anode MFC Calibration. 
 
 
 
 
 
 
 
 
 
 
Figure 3.6 Cathode MFC Calibration. 
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 Dew points were tested using a dew cup method.  Both humidifier dew points 
were evaluated at 80°C, as this was the only temperature investigated during subsequent 
testing.  Test points were taken at incremented flow rates within each MFC range.  Error 
yielded was less than +/- 1° from expected dew point. 
 
3.2 Neutron Optics  
 
 The experiments were designed to detect neutrons passing through the operating 
50cm2 fuel cell, thus interrogating for liquid water.  The raw data was in the form of a 
grayscale image, and a quantitative analysis was later done from the pixel data.  This 
section will describe the experimental set-up involved with obtaining the images. 
 
3.2.1 Neutron facility and Optical Arrangement 
 
 The neutron radiography was conducted at the National Institute of Standards and 
Technology (NIST) Center for Neutron Research (CNR).  The experiments were 
performed at a thermal neutron research reactor fueled by 235U.  The reactor core is split, 
leaving a D2O water gap capable of being viewed through 8 beam tubes and a liquid H2 
cold source.  These experiments were conducted using thermal neutron beam BT-6.  The 
facility (see Figure 3.6) provided an extremely intense source of thermal neutrons that 
was collimated using a tapered plug (1 and 2 in Figure 3.7).  A high energy neutron and 
gamma ray filter was placed directly downstream of the tapered collimator. This filter 
consisted of 10 cm of bismuth single crystal cooled to liquid nitrogen (LN) temperatures 
(77 K) (3 in Figure 3.7).  The filtered beam was then collimated with a simple thermal 
neutron pinhole located directly downstream of the LN cooled bismuth filter. The 
maximum diameter of this pinhole was 2 cm and the minimum size was unrestricted. 
Using a 2 cm aperture produces an effective L/D ratio of 200.  After the pinhole was a 
rotating drum with four positions (4 in Figure 3.7). Three of the positions have holes for 
additional collimation or filters if needed.  The high energy neutrons are turned into 
thermal neutrons in the wax and stopped by the material, and the gammas are absorbed 
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by the steel shot (see 5 in the Figure 3.7).  The beam that is now collimated passes out of 
the drum and into a sealed, evacuated aluminum flight tube (6 in Figure 3.7). The flight 
tube ends right before the sample position (7 in Figure 3.7), which is open to air. At the 
sample position the object to be radiographed is positioned on a rotating and translating 
stage. Behind the object is the neutron camera that is used to digitize the 2-dimensional 
neutron distribution (8 in Figure 3.7).  The remaining beam energy is absorbed by a beam 
stop (9 in Figure 3.7). 
 
 
 
 
 
Figure 3.7 NIST neutron imaging facility (Jacobson, NIST). 
 
 
 
3.2.2 Experimental Setup 
  
 The configuration of the neutron imaging portion of the experiments is 
represented in Figure 3.8.  A collimated beam of thermal neutrons traverses normal to the 
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active area of a running fuel cell.  The transmitted neutrons are imaged using a 
scintillator/charge coupled device (CCD).  The image array was recorded at a minimum 
rate of 1 image per 3.8 seconds, with an exposure time of 1 second and a file write time 
of 2.8 seconds. 
 The neutron probes transmitted were converted to light by a 6Li embedded 
ZnS(Cu) scintillator. The CCD array recorded the amount of light scintillated in each 
pixel during the image exposure.  The area from the back of the scintillator screen to the 
CCD camera was encapsulated in a light sealed enclosure.  The camera and electronics 
were positioned normal to and outside of the beam radius to prevent possible radiation 
damage.  
 
 
 
 
Figure 3.8 Schematic diagram of neutron optical configuration. 
 
Fuel Cell 
Thermo Electric Cooler 
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The image exposure time was set to 1 second after experiments were conducted to 
optimize exposure time and the attendant image resolution.  Ideally the exposure time 
must be minimized to visualize transient behavior within the cell.  Conversely, short 
exposure time does not offer enough light to expose each image with desired resolution.   
Each pixel value was saved to a .fits (formatted image transfer system) file in 16-
bit double precision format.  The CCD chip was a 2048 x 2048 array of pixels, and with 
binning set at 2, the images were saved as 1024 x 1024 pixel arrays.  File architecture 
was designed to accommodate images at each test point for each cell configuration. 
 
3.2.3 Image Acquisition Procedure 
 
 Every image acquisition data set consisted of 300 consecutive images.  Each 
image set took approximately 20 minutes to acquire.  Once each test cell was mounted in 
the neutron flight path, before the test stand was turned on, an image set of the dry cell 
was acquired.  These images were necessary for the subsequent quantitative analysis, so 
great care was taken to ensure that the dry cell contained no liquid water.  After the dry 
image set was recorded the test stand was turned on, and wet image sets were acquired at 
each test point.  At both the onset and end of image acquisition, the corresponding fuel 
cell data points were recorded to correlate each image with the cell operating parameters 
during the data analysis.  An image set was also taken with the neutron shutter closed to 
capture the dim ambient light and currents the CCD array captured that were essentially 
added to the scintillated light; this image set was referred to as the “dark current”. 
 
3.2.4 Water Thickness Calibration 
 
 A calibration of the macroscopic neutron cross section for H2O was necessary for 
this study given the small amounts of water being measured.  This calibration was 
executed using a stepped wedge (cuvette) of varying thickness values machined from an 
aluminum block.  The smallest step was constrained by conventional machining 
techniques to 64µm.  A schematic of this calibration tool is illustrated in Figure 3.9.  The 
wedge was filled with H2O and imaged in the same manner described in Section 3.2.3. 
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Figure 3.9 Water thickness wedge schematic. 
 
 
  
3.3 Test Plan 
 
 The neutron source was used to radiograph a running fuel cell with varying 
channel and GDM parameters.  This parametric study consisted of several cell assemblies 
which were set up consistently in the same configuration for imaging.  The variations and 
consistencies of the two portions of the study will be outlined in the following sections.  
The parameters kept constant in all test are as follows in Table 3.3.   
Each test cell was subjected to the same start-up routine (1hr. at 0.6 V constant 
voltage) before the polarization curve test points began.  At each polarization curve test 
point, a 10 minute stabilization period allowed the cell to reach a steady state condition 
before the images were acquired.  Once all polarization points were executed the cell was 
allowed to cool, then it was rebuilt with the next testing configuration. 
 
40 steps each 0.125"
 tall and 0.002” deep
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 Test Parameter  Value 
Shutter speed  1 sec. 
Neutron aperture  1 cm 
Number of images 300 
L/D ratio   400 
Neutron flux  108 cm-2s-1 
Anode stoich  2 
Cathode stoich  2 
Active area  50cm2 
Humidification  100% Anode/Cathode 
Anode fuel  Hydrogen 
Cathode fuel  Air 
Membrane thickness 25µm  
Platinum loading  0.4/0.4 mg/cm2 anode/cathode  
Back pressure  100 kPag 
Cell temperature  80°C 
Polarization curve  0.0, 0.1, 0.5, 1.0, 1.2, 1.5 A/cm2 
Start-up   1 hr at 0.6 constant voltage 
 
Table 3.3 Experimental parameters used in all neutron radiography tests. 
 
 
  
3.3.1 Effect of Cathode Channel Properties on Water Accumulation 
 
 The portion of the study concerned with the effect of cathode channel properties 
was conducted with four cathode flow fields of varying surface energy and cross 
sectional geometry as outlined in Section 3.1.1.  The cell assemblies used in these four 
tests were all constructed with the same MEA and Toray© T060 with 7% Teflon© on the 
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anode and ground T090 with 7% Teflon© on the cathode.  The operating parameters 
outlined in Table 3.3 were used in conjunction with each flow field configuration 
outlined in Table 3.4.  The anode flow field used throughout this study had a rectangular 
cross section with no surface treatment.  
 
 
 
Cathode Flow Field Config. Geometry  Surface Coating 
Cathode Flow Field #1  Rectangular  None 
Cathode Flow Field #2  Rectangular  Ionic PTFE 
Cathode Flow Field #3  Triangular  None 
Cathode Flow Field #4  Triangular  Ionic PTFE 
 
Table 3.4 Cathode flow field configurations. 
 
 
The static contact angles for both cathode flow field surface energies were measured.  
The uncoated gold surface yielded a static contact angle of 40° and the gold surface 
coated with an ionically bonded PTFE yielded a static contact angle of 95°. 
 
 
3.3.2 Effect of GDM Properties on Water Accumulation 
 
 The second portion of the study involved three variations in the GDM used in the 
cell assembly with constant flow field geometry and surface energy.  Again the operating 
parameters outlined in Table 3.3 were run with the GDM configurations in Table 3.5.  
The GDM properties are available in Table 3.2.  The anode and cathode flow fields used 
with all three GDM configurations were rectangular cross sectional geometry with no 
surface treatment.  The three GDMs were studied due to their widely varying 
permeability and in-plane pressure drop measured values (Table 3.2). 
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GDM Config. Manufacturer  Anode  Cathode MPL  
GDM #1  Toray   T060   T090  No 
GDM #2  SGL   20BC  20BC  Yes 
GDM #3  SGL   21BC  21BC  Yes 
 
Table 3.5 GDM configurations. 
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4. ANALYSIS AND DATA REDUCTION 
 
 The neutron imaging experiments resulted in a large amount of raw data including 
both image arrays and fuel cell operation data, and hence the analysis that resulted relied 
heavily on computer data reduction.  The focus was on both the qualitative results to 
observe the behavior of the two-phase interactions inside the running fuel cell and 
quantitative results to compare amounts of liquid water retention at different operation 
conditions for each testing scheme. 
 
4.1 Fuel Cell Data 
 
 Operation data from the fuel cell test stand was recorded at 1Hz, and subsequently 
resulted in large spread sheet files.  The parameters of interest in these data files were cell 
voltage (V), current density (A/cm2), flow rate (lpm), and pressure differential from inlet 
to outlet (kPag).   
 
4.1.1 Polarization Curve Data 
 
 For each image set, the fuel cell operation data was isolated using the data points 
recorded during neutron imaging.  These isolated data sets were representative of the 
steady state portion of each polarization curve test point, with a corresponding neutron 
image for approximately every forth cell data point.  The standard deviation and average 
of the last 300 (5 minutes) data points of cell voltage (V) for each of the 6 polarization 
curve points was calculated.  For this data a plot of cell voltage versus current density 
was generated for each test configuration.  The maximum standard deviation error bar is 
contained within the data marker to avoid clutter in the plots.  In some cases flow rate 
versus time was plotted to demonstrate effects on corresponding images. 
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4.2 Neutron Imaging Data 
 
 The neutron images were utilized in two separate ways.  Individual images were 
normalized and viewed in sequence to observe transient behavior.  Images sets were also 
normalized and averaged for observations and quantitative analysis concerning average 
amounts of water accumulation and distribution.  Spatial resolution was also derived 
from the images. 
 
4.2.1 Calculation of Spatial Resolution 
 
 Each pixel in a neutron image corresponded to a cross sectional area of the test 
section, the dimensions of this area is the spatial resolution of all pixels in an image 
(assuming the test section is normal to the scintillator screen).   It was necessary to 
calculate the spatial resolution directly from a raw image.  This was done by locating a 
known point to point distance in the actual cell assembly.  The two pixels in the images 
corresponding to these locations in the assembly were located and the number of pixels 
encompassed in the point to point distance was determined.  The actual distance was then 
divided by the number of pixels captured with in that distance to calculate the spatial area 
each pixel represented. 
 
4.2.2 Image Matrix Normalization 
 
 Every image acquired was normalized to effectively only show attenuation caused 
by liquid water within the cell assembly after it started running.  All normalization 
procedures are matrix mathematical operations.  Each image was essentially a 1024 x 
1024 matrix of decimal values, and this attribute made the analysis ideally suited for 
scripted code used to perform the redundant analysis.  The software used for all of the 
analysis was MATLAB© release 13, and the scripts used to perform the matrix 
manipulations are available in Appendix A.  
 The first step involved with the image normalization was to average all 300 dark 
current (see Section 3.2.3) image matrices.  Averaging large amounts of images 
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statistically reduces the inherent noise received in each CCD image and increases the 
resolution significantly.  The average dark current image was then subtracted from every 
image taken with the neutron shutter open.  The reason for this subtraction was the 
assumption that the dark current was added to the actual light energy in every image. 
 The image matrix set that was generated for each dry test cell was also averaged 
and saved as one single image matrix.  This matrix is represented by Idry in Equation 4.1 
that was derived from Equation 2.8 (see below), as it was assumed that attenuation of the 
cell assembly is constant at the cell operation temperature.  The dry cell average image 
matrix had to be calculated for every fuel cell test set-up because small variations in the 
cell position occurred each time the cell was moved. 
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  All image matrices (wet images) obtained after the reaction began in the fuel cell 
were representative of Iwet in Equation 4.1.  Correspondingly each wet image matrix was 
normalized by dividing it by the averaged dry image matrix (Iwet / Idry).  Figure 4.1 
demonstrates the effect this normalization procedure has on identifying only liquid water 
and humidified gas in-situ. The majority of this attenuation is assumed to be a result of 
neutron interaction with liquid water only, due to the significantly smaller macroscopic 
cross section of the reactant gases and vapor phase water.  After this normalization each 
pixel value is a fraction that cannot be displayed with typical image viewing software.  
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An algorithm was developed to amplify these values into an 8-bit per pixel integer so the 
matrix could be viewed as a two dimensional intensity plot. 
 
 
 
 
     
Figure 4.1 Image normalization procedures (The contrast of the average dark image is 
greatly exaggerated; the actual pixel values are much smaller than the darkest pixel 
value in a radiograph image). 
 
 
4.2.3 Transient Analysis 
 
 Viewing transient behavior of water formation and interaction inside the cell was 
achieved by examining the sequential individual images taken at 0.4 Hz.  This analysis 
was valuable in observing the effects of water slugs on cell performance and pressure 
drop.  Conversely, transient analysis allowed for observations on the effect of 
stoichiometric ratio (and thus, in turn, the gas flow rate) on purging slugs from the flow 
field channels. 
(
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-
=
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 The transient analysis was purely qualitative due to the low signal to noise ratio of 
the individual 1.0 second exposure images.  Although the dark current and dry images 
were averaged and their inherent noise was reduced, the individual wet image random 
noise dominated the resolution.  The random noise is mainly a residual effect of 
unfiltered fast neutrons or gamma rays produced when the incident beam scattered off the 
sample.  Although this noise would essentially invalidate a quantitative analysis, 
observation of water slugs in the channels is very pronounced. 
 To enhance the image quality, a median filter was applied to remove speckle 
noise from the image matrix.  The median filter operated on a local region of the image 
matrix by examining a kernel matrix (3 x 3 array) around each pixel.  The median and 
standard deviation of the kernel was calculated, and if the pixel being probed was outside 
a threshold of more than two standard deviations from the median, then the pixel value 
was replaced with the median value of the kernel. 
 A red-blue-green (RGB) function was also developed to assign a color to each 
pixel value.  Intensity plots were created by an algorithm that plotted each pixel location 
on the ordinate and abscissa and the third dimension was quantified by the RGB color 
assigned to the fractional value of each pixel. 
 
4.2.4 Average Wet Image Analysis 
 
 The primary goal of this study was to observe and quantify the distribution of 
accumulated liquid water during fuel cell operation.  As mentioned in Section 4.2.2, 
quantitative analysis of a single 1.0 second exposure image was not of value due to the 
noise in a single image.  By averaging all 300 wet images taken at each test point, the 
signal to noise ratio was significantly increased.  The average set of 300 images was 
representative of an average amount of water accumulation inside the cell over a 20 
minute steady state acquisition period. 
 The averaged wet image was normalized in the same manner as described in 
Figure 4.1.  From this normalized image a matrix of water thickness values could be 
extracted by further manipulation of Equation 4.1.  Figure 4.2 demonstrates the operation 
used to extract the water thickness in each pixel that is represented by a transmission 
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value of neutron energy attenuated by interaction with liquid water.  The product of 
atomic density and neutron cross-section (Σ = Nσ), which is required to calculate water 
thickness from the measured neutron beam intensity, was determined through calibration 
as described in the next section.  The same RGB algorithm outlined in Section 4.2.3 was 
utilized to translate the matrix of water thickness values into a viewable format. 
 
 
 
 
Figure 4.2 Thickness matrix extraction from normalized  
   averaged image using Equation 4.1. 
 
 
 The total average volume of water inside the active area of the cell was calculated 
from the thickness matrix for each test point.  The pixel array containing only the active 
area of the cell was isolated and each thickness value contained in this array was 
multiplied by the spatial area of one pixel, resulting in a matrix of water volume in each 
pixel of the original image matrix.  The sum of this matrix was then calculated, and this 
single value was representative of the total average volume of water encompassed in the 
active area of the cell.  Assuming the density of pure water to be 1 g/cm3 regardless of 
test conditions, this average volume could be directly translated into an average mass of 
water (g) for each polarization curve test point.  This water mass was plotted with cell 
performance on the secondary axis to correlate total water volume with cell performance. 
 
 
 
 
-ln( )/Nσ= 
Normalized Image Thickness Matrix Plot
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4.2.5 Interpolation to Exclude Water Volume Contained in the Flow Field Channels 
 
 It is also of interest to only evaluate the liquid water contained by the softgoods 
(MEA + GDM) of the cell.  An interpolation was derived to exclude the water in the 
channels for each thickness value in the original thickness matrix.  Several methods were 
considered, but the most sophisticated would have to preserve the thickness gradient in 
the MEA and GDM over the channel area. 
 The image was examined manually at all areas consisting of only GDM and MEA 
(flow field lands), and a maximum thickness was determined from the grid of intersecting 
land areas (see Figure 3.3).  Then an algorithm was developed to replace areas with water 
slugs with a thickness value equal to the maximum thickness value in the GDM and 
MEA in the grid.  The assumption made with this interpolation was that the portion of the 
softgoods adjacent to a water slug would contain the same amount of liquid as a land 
area. 
 Line plots were generated from horizontal slices of the thickness matrix (1 x 
1024).  By observing the magnitude of thickness values before and after the interpolation 
it could be determined if the interpolation was sacrificing the integrity of the thickness 
values across the flow field lands.  These areas were to remain unchanged through the 
interpolation, and if “clipping” of the thickness signal was observed in these land areas, 
the maximum thickness in only GDM and MEA was re-evaluated. 
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Figure 4.3 Demonstration of GDM and MEA segregation. 
 
 
4.2.6 Quantification of the Liquid Water Gradient in Channel Land Area 
 
 Given the contrast of the in-plane pressure drop of the three GDMs (see Table 
3.2) it was desired to quantify the water gradient in different areas of the cell consisting 
of only land intersection areas (see Figure 3.3).  These areas were isolated in the 
thickness matrix and a plot of liquid water versus distance between lands was generated.  
The plot isolated a one dimension array of thickness values within the particular land area 
location. 
 
4.2.7 Calculating the Macroscopic Cross Section Empirically 
 
 Using the images obtained for the water thickness calibration tool (cuvette) 
outlined in Section 3.2.4 it was possible to find the macroscopic neutron cross section (Σ 
= Nσ) of H2O experimentally.  The neutron images were normalized in the same manner 
as previously outlined (see Figures 4.1 and 4.2).  The natural log of the normalized matrix 
was then calculated, resulting in each component value equivalent to Nσt in Equation 2.8.  
Only GDM+MEA 
Anode/Cathode Channel 
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A one dimensional array of Nσt values was extracted from the matrix that contained data 
points representing the 30 smallest steps of the cuvette.  This array was then plotted 
against the measured thickness values of the cuvette.  A linear regression that was forced 
through the origin was applied to the data set, and the slope of that line was equivalent to 
the macroscopic neutron cross section for liquid water. 
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5. RESULTS AND DISCUSSION 
 
 The experimental results were developed as outlined in Section 4.  These results 
are presented in several forms, chosen to best illustrate the hypotheses and conclusions 
being made.  Every averaged and normalized running fuel cell radiograph is also 
presented in enlarged form in Appendix B. 
 
5.1 Measurement of the Macroscopic Neutron Cross-section of Liquid Water 
 
 The cuvette calibration tool described in Section 3.2.4 was used to extract the 
macroscopic cross section for liquid water (Σ = Nσ).  Once the cuvette was imaged with 
300 consecutive images, this set of images were averaged and normalized.  The 
normalized grayscale image is shown on the left side of figure 5.1.  It was observed that 
some air bubbles remained in the water filled cuvette.  The array of pixels not containing 
visible air bubbles was used for the cross section measurement.  The gradient of 
grayscale values (assigned to each pixel fraction) is apparent, as lighter corresponds to a 
thinner amount of water in the third dimension. 
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Figure 5.1 Macroscopic cross section measurement – intensity plot. 
 
 
 
 The selected array consisted of 200 x 2024 pixels (the binning was set to 1 for this 
image set), and each horizontal row of 200 pixels was averaged; resulting in a 1 x 2024 
array.  This array was then manipulated with Equation 4.1 to result in values equivalent 
to Σt.  This array of Σt values was then plotted against the measured thickness value 
corresponding to each pixel location (Figure 5.2). 
 
This array of pixel values 
was selected for 
processing (200 X 2024) 
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Figure 5.2 Macroscopic cross section plot. 
 
 
 
 A linear regression was imposed on the data set and forced through the origin 
with a resulting slope representative of the macroscopic cross section for liquid water (Σ 
= Nσ).  This value was determined to be 2.958cm-1, which was significantly different 
from the published bound cross section value of 5.61cm-1 [14].  Here the published bound 
cross section represents a lattice molecular structure, where the nucleus of the probed 
atom has little recoil when a neutron collides with it.  In contrast the nucleus of a free 
cross section, represented by molecules in a gaseous phase, will recoil by absorbing the 
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momentum of the collision.  A bound cross section will deflect neutrons with a greater 
magnitude than a free cross section (except in the random case of a centerline collision), 
in turn the effective area (or cross section) of the probed nucleus seen by the accelerated 
neutron is greater in the bound case compared to the free cross section case.  The water 
molecules are only slightly bound in the present experimental configuration, which 
accounts for the significant difference in macroscopic cross section values.  The 
scattering cross section for liquid water must account for the recoil of the molecule, 
leaving the actual cross section value between the free cross section value (20 barns) and 
the bound cross section value (80 barns).  The experiment conducted with the water filled 
cuvette yields about 40 barns, after extracting the atomic density of water from the 
macroscopic cross section relationship (Σ = Nσ).   
 The standard deviation from the macroscopic cross section calculation was used 
to determine the precision of average water thickness values in this cuvette analysis and 
in subsequent fuel cell water accumulation data.  Based on two standard deviations from 
the calibration curve the precision was +/- 2.4 µm, which corresponds to +/- 0.012 g in 
water mass calculations (assuming water density to be 1 g/cm3).  This precision can only 
be applied to analysis of averaged images, as noise in single images will significantly 
increase the precision error.  A complete uncertainty analysis was not performed for this 
experimental program, as error estimation would be required to account for biases in the 
measurement described herein 
 The 200 x 2024 pixel array generated from the cuvette measurements was plotted 
using the RGB function described in Section 4.2.3.  The plotting algorithm was 
programmed with the empirically derived macroscopic cross section described above.  
The plot shown in Figure 5.3 is the result of this algorithm that was used in all 
accumulation analysis.  This two-dimensional intensity plot quantifies each pixel value 
thickness with an RGB value, which is represented by the colorbar. 
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Figure 5.3 Color intensity plot for cuvette analysis. 
 
 
 
5.2 Component Water Retention 
 
 The maximum amount of water that could possibly be retained in each component 
of the fuel was calculated to validate and correlate radiographs with known water 
volumes.  Figure 5.4 outlines the volume of available space for possible water 
accumulation in one channel, one inlet/outlet port, one flow field, and the GDM and 
MEA assembly.  The compressed GDM was assumed to have 70% porosity, the electrode 
layer was assumed to have 50% porosity, and the membrane was assumed to have 30% 
water uptake by mass (ρ = 2.0 g/cm3), the maximum resulting water values are shown in  
Table 5.1 [15,16]. 
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  Component   Max. Possible Water Volume 
  Anode Flow Field    0.980 cm3 
  Anode GDM     0.560 cm3 
  Anode Electrode    0.025 cm3 
  Membrane     0.023 cm3 
  Cathode Electrode    0.025 cm3 
  Cathode GDM     0.560 cm3 
  Cathode Flow Field    0.980 cm3 
  
Table 5.1 Maximum component water retention volumes 
 
 
 
 
 
Figure 5.4 Component water retention volumes. 
Volume of one channel = 0.176 cm3
Volume of one flow field = 0.980 cm3 Volume of anode DM + cathode DM (70% porosity) + 
electrode (50% porosity) + membrane (30% uptake by 
mass (ρ = 2.0 g/cm3)) = 1.220 cm3 
Max water volume possible = 3.18 cm3 
Volume of one port = 0.050 cm3
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5.3 Transient Analysis 
 
 As outlined in Section 4.2.3, a transient analysis was performed on individual 
images to observe transient behavior at 0.4 Hz.  This analysis consisted of anode and 
cathode purge experiments.  Transient analysis also demonstrated inlet water vapor 
condensation and its effects on water accumulation, pressure drop, and cell voltage. 
 The test cell used for these experiments was constructed with Toray T060 with 
7% Teflon® on the anode and ground T090 with 7% Teflon® on the cathode, and a 
rectangular cross section cathode flow field with no PTFE coating. 
 
5.3.1 Anode Purge 
 
 Under low-to-moderate load conditions water slugs can accumulate in anode and 
cathode channels, as the gas inertia is not sufficient to purge the slug or to transport the 
liquid water in the form of fine droplets.  With the test cell running at a 0.5 A/cm2 steady-
state condition, it was noted that stagnant water slugs were blocking some of the anode 
channels.  A purge test was executed by increasing the anode stoichiometric ratio from 
2.0 to 4.8, thereby matching the volumetric gas flow rate in the cathode.  Figure 5.5 
depicts the four consecutive radiographs that were obtained immediately after the anode 
flow rate was increased.   The first image shows the water slugs that were observed 
throughout the length of the test point until the purge test began.   
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Figure 5.5 Anode purge transient. 
 
 
 
 It was observed that the increased flow rate purged the stationary slugs out of the 
anode channels.  A considerable increase in cell voltage (~60 mV) was observed as a 
result of the liquid water removal and increased stoichiometric ratio.  The result after the 
increased stoich change was steady-state operation and images showing no water slugs, 
all similar to the fourth image in Figure 5.5. 
 
5.3.2 Cathode Purge 
 
 In the horizontal cathode channels, small stationary water slugs were also 
observed, particularly at low load.  After the anode stoich was increased to 4.8, and the 
anode transients were recorded, then a similar cathode purge was executed.  The cathode 
stoichiometric ratio was increased from 2.0 to 4.8 to match the stoichiometric ratio of the 
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anode.  A plot of cell voltage and anode/cathode flow rates with corresponding 
radiographs are shown in Figure 5.6. 
 
 
 
Figure 5.6 Cathode purge transient. 
 
 Similar observations were made in regard to slug behavior and voltage increase.  
With increased flow rate, the small (not blocking channel completely) slugs were 
effectively removed and the cell voltage increased another 60 mV.  The end result of the 
anode and cathode stoichiometric ratios being increased from 2.0 to 4.8 was a steady-
state condition with very little liquid water similar to the fourth image in Figure 5.6. 
 
5.3.3 Effect of Condensation in the Inlet Lines 
 
 Based on the known rate of electrochemical water production (J/2F, assuming no 
transport through the membrane), it was determined that not nearly enough water volume 
is generated in a flow field channel in the time between subsequent frames in the nominal 
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image acquisition process.  Theoretically, only back diffusion could contribute to liquid 
water accumulation on the anode side of the cell since the oxygen reduction reaction is 
occurring on the cathode side.  Figure 5.7 demonstrates two consecutive radiographs, 
where during the short 3.0 second time interval between their acquisitions, a water slug 
partially filled an anode channel. 
 
 
 
 
Figure 5.7 Effect of inlet line condensation. 
 
 
 
Figure 5.7 represents a typical observation of a water slug being introduced to the 
anode flow field.  These two consecutive images demonstrate that this water is not only a 
function of the water produced by the fuel cell reaction, but also inlet vapor condensation.  
This observation is attributed to condensation of the humidified gas stream somewhere in 
the gas delivery system.   
 
5.3.4 Effect of Inlet Line Condensation on Cell Performance 
 
 It has been established that liquid water was being introduced into the cell in part 
by condensation in the inlet lines.  It was desired to observe the transient effects on cell 
performance correlated to a water slug introduced as a result of condensation in the gas 
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delivery system.  In Figure 5.8 the inlet water slug was located by observing a series of 
consecutive radiographs.  Once a slug was observed the corresponding performance data 
were plotted in correlation with the respective sequence of images. 
 
 
 
Figure 5.8 Effect of inlet condensation of cell performance and pressure drop. 
 
 In Figure 5.8, a distinct effect is observed when an anode slug appears between 
two consecutive images and the cell voltage immediately decreases.  This is the inverse 
of what was observed in the purge experiments wherein cell voltage increased upon 
removal of water slugs from the anode channels.  Also, the anode differential pressure is 
notably increased from the steady-state value before the slug was introduced.  Although 
only three images are shown, preceding and following images are similar to the first and 
last image in Figure 5.8, respectively. 
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5.4 Quantitative Analysis of Averaged Radiographs at Steady-State Conditions 
 
 As outlined in Section 4.2.3, averaged consecutive images were used to increase 
the signal to noise ratio and extract precise volumetric data for each test point.  This 
section will discuss the results of this analysis for both the GDM and cathode flow field 
studies. 
 
5.4.1 Effect of GDM properties on water accumulation 
 
 The three GDMs tested that were outlined in Table 3.5 were all analyzed in the 
same manner.  Each analysis is presented individually in Appendix B, and this section 
will outline the comparison of all three GDM configurations tested with the operating 
parameters summarized in Table 3.2.   The results for this analysis are shown in Figure 
5.9, and all enlarged gray scale averaged radiographs are available in Appendix B.  Each 
averaged radiograph in Figure 5.9 is formatted with the same grayscale as subsequent 
radiographs for the GDM study.  In Figure 5.9, the GDM with the least through plane 
permeability of the three GDMs, SGL 20BC, is represented across the lower row, SGL 
21BC in the middle row, and the most permeable through the plane, Toray, in the upper 
row.  The five current density test points outlined in Table 3.3 are represented with each 
column, increasing from left to right.  Only three test points are displayed for the Toray 
GDM because this particular configuration reached its limiting current at 1.0 A/cm2.   
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Figure 5.9 GDM study: grayscale permeability comparison (lower row: SGL 20BC, 
middle row: SGL 21BC, upper row: Toray). 
 
 
 
 The overall trend of increasing water mass (ignoring water slugs in the channels) 
with increasing current density is first observed in Figure 5.9.  Stagnant water slugs are 
observed at the low gas velocities corresponding to lower current densities; with 
increased flow rate these slugs are removed.  The overall gradient of increased water 
thickness and distribution is observed with increasing current density.  In Figure 5.9 it is 
also noted that the channels and the GDM/MEA immediately adjacent to the anode inlet 
are relatively dry in comparison to the rest of the active area.  It should also be noted that 
the land area between the first pass of the anode and cathode channels shows a water 
gradient, as if water is removed from the GDM where the gas velocity is greatest (in the 
first pass of the serpentine flow field).  The overall dry trend at the anode inlet is 
accredited to lack of membrane hydration at the anode inlet.  Since the conditions in this 
area are less accommodating to facilitate proton conduction, the corresponding cathode 
reaction on the opposite side is suppressed.  Without the cathode reaction occurring 
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effectively, a lower liquid water flux is observed over an averaged period of operation.  
The gradient over the land regions is a function of permeability and in-plane pressure 
drop; this observation will be discussed further later in this section.  
 
 
 
Figure 5.10 GDM study: averaged water mass and distribution. 
 
 
 
The plots depicted in Figure 5.10 were generated by calculating the thickness of 
each pixel and assigning each thickness value a color using a constant RGB function.  In 
the color scale used for this analysis, a deeper green to yellow is representative of liquid 
water contained only in the GDM and MEA.  Data points quantified by colors in the 
orange to red range represent water thickness that can only exist inside a channel. 
By observing Figures 5.9 and 5.10, clearly more liquid water is retained in a given 
area of GDM with increased through plane permeability.  It is notable that the effect of 
the microporous layer (MPL) on both SLG gas diffusion media (the lower two rows in 
Figures 5.9 and 5.10) clearly show a more even water distribution than the Toray in the 
uppermost row which does not have an MPL.    By summing the individual pixel water 
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thickness values and multiplying by the active area, the total average water mass was 
determined and plotted for all three GDMs (Figure 5.11). 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.11 GDM study: total average water mass for each test point. 
 
 
 
This figure does not show a clear tend of increased water mass with current 
density because the values plotted also include the water slugs in the channels at low 
current densities.  At this point the technique described in Section 4.2.4, to separate water 
accumulation in channels from that in the softgoods, was employed.  Figure 5.12 
illustrates the effect of this interpolation for a particular test point plot; note that the color 
values were rescaled to a broader range of the colorbar spectrum in the interpolated plot.  
Horizontal line plots of the top, middle, and bottom of the active area were also generated 
for each interpolated data array.  An example of the line plots is shown in Figure 5.13.  
The line plots were used to ensure that the interpolation only “clipped” the data array in 
areas consisting of a channel with a water slug inside.  
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Figure 5.12 GDM study: interpolation comparison. 
 
 
 
 
 
Figure 5.13 GDM study: interpolation line plot. 
 
 
 
   Interpolating such that the average water mass values did not include the water slugs in 
the channels enabled conversion of the data in Figure 5.10 into the plots shown in Figure 
5.14.  As a result, a plot of water accumulated within the MEA/GDM was created.  By 
excluding the volume of water slugs in the channels, a trend of increasing water 
accumulation with load was observed (Figure 5.15). 
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Figure 5.14 GDM study: averaged water mass and distribution  
excluding channel water slugs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.15 GDM study: average water mass in GDM and MEA only for each test point. 
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 Furthermore, by subtracting the water mass values in Figure 5.15 from the total 
water mass in Figure 5.11, the trend of decreasing water in the channels with increased 
load can be observed (Figure 5.16). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.16 GDM study: average water mass in channels only for each test point. 
  
 
 The performance comparison of the three GDMs studied is plotted in Figure 5.17.  
An obvious correlation between accumulated water mass and cell voltage is observed, 
where the Toray GDM demonstrated largest mass transport loss.  The performance of the 
two SGL GDM samples was similar as the average amount of liquid water accumulated 
at each test point was comparable, and consistently lower than for Toray.  The MPL on 
the SGL gas diffusion media samples also played in a key role in optimizing the water 
management as observed in Figures 5.9, 5.10, and 5.14. This is accomplished by 
distributing the water produced in the electrode layer more evenly over the active area.  
The decrease water mass in the SGL gas diffusion samples can also be attributed, in part, 
to the capillary wicking force of the MPL. 
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Figure 5.17 GDM study: performance comparison. 
 
 
 The in-plane pressure drop of the three GDMs (Table 3.2), had an effect that was 
observed in each radiograph in the form of accumulated water gradient across the land 
areas on the flow fields.  The Toray GDM had the lowest pressure drop, hence the least 
resistance to gas transport over the lands.  SGL 21BC and 20BC had increased in-plane 
pressure drop, with the in-plane pressure drop of the 20BC being the highest.  In Figure 
5.18, the plot was generated in the manner described in Section 4.2.5.  This particular plot 
is of the water thickness gradient over a cathode land near the inlet at a load condition of 
1.0 A/cm2.  This specific location and test condition demonstrated the most pronounced 
trend, but the general trend was observed throughout the analysis.   
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Average Liquid Water Thickness Gradient Across Flow Field Land at 1.0 A/cm2
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Figure 5.18 GDM study: average water thickness gradient across cathode land area. 
 
 
 
 Figure 5.18 clearly shows that a lower in-plane pressure differential in the GDM 
yields more effective gas transport over the land area.  This effect may be associated with 
anode channel water slugs observed at 0.5 A/cm2 in the Toray test cell, where at the same 
condition, SGL test cells did not retain water in the anode channels (see Figure 5.19).  
The significant increase in the in-plane pressure drop for the SGL GDMs is a result of the 
properties of the paper composition and manufacturing processes. 
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Figure 5.19 GDM study: channel slug vs. in-plane pressure drop comparison. 
 
 
 
 
5.4.2 Effect of Cathode Channel Properties on Water Accumulation 
 
 Four experiments were conducted using the four flow field configurations 
outlined in Table 3.4.  The anode flow field was constant through all tests, and water 
accumulation in the vertically traversing anode channels should not be confused with the 
water accumulation of interest in the horizontally traversing cathode channels.  Refer to 
Figure 3.3 for anode and cathode channel orientation and position, as each radiograph is 
oriented in the same fashion. 
 The effect of surface energy on cathode water accumulation in both channel 
geometries will be discussed first.  The uncoated gold surface static contact angle of 40° 
is contrasted by PTFE coated gold with a static contact angle of 95°.  A comparison of 
water accumulation in each flow field cross-sectional geometry (rectangular and 
triangular) for test points 0.1, 0.5, 1.0 A/cm2 is presented in Figures 5.20 – 5.25.  
Toray 0.5 A/cm2 SGL 21BC 0.5 A/cm2
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Figure 5.20 Cathode channel study: rectangular cross-section, 0.1 A/cm2. 
 
Uncoated PTFE Coated 
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Figure 5.21 Cathode channel study: rectangular cross-section, 0.5 A/cm2. 
Uncoated PTFE Coated 
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Figure 5.22 Cathode channel study: rectangular cross-section, 1.0 A/cm2. 
Uncoated PTFE Coated 
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Figure 5.23 Cathode channel study: triangular cross-section, 0.1 A/cm2. 
Uncoated PTFE Coated 
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Figure 5.24 Cathode channel study: triangular cross-section, 0.5 A/cm2. 
Uncoated PTFE Coated 
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Figure 5.25 Cathode channel study: triangular cross-section, 1.0 A/cm2. 
 
 
 
 In Figures 5.20 – 5.25, a consistent trend is observed, which is attributed to the 
effect of water slug geometry by increasing surface energy.  The PTFE coated cathode 
flow channels formed smaller, more distributed water slugs throughout the channel 
compared to the uncoated flow fields.  It is clear that the cathode water slugs in the 
uncoated cathode channels are almost completely blocking the channel in the two-
dimensional area captured by the radiograph.   
 The average water mass plot in Figure 5.26 demonstrates that the PTFE flow field 
configuration retains more liquid water.  Over an averaged period of time this is 
concurrent with the behavior of a water slug, as the larger channel blocking slugs will be 
Uncoated PTFE Coated 
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periodically purged out of the channel by the pressure they induce.  In contrast, the 
smaller more distributed slugs will remain in the flow field the entire period of time, 
because by not obstructing a large fraction of the channel, the pressure required to 
remove these small water slugs will not be generated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.26 Cathode channel study: total average water mass comparison. 
 
 
 
In general a triangular cross-section channel retains less water than the 
rectangular cross-section (see Figure 5.26).  This is consistent with the slug shape that is 
formed in the rectangular compared with the triangular.  Water slugs were retained in the 
triangular channels at the apex of the corners adjacent to the GDM; this was a result of 
the meniscus force attracting water to the corners encompassed by smaller angles.  Figure 
5.27 and 5.28 illustrates this comparison of slug shape with two radiographs taken at the 
same test point with uncoated rectangular and triangular channels.  If the depth of these 
channels was increased, effectively making the unequal angle of the isosceles triangle the 
smallest of the three, it is expected that the water slugs would form at the bottom of the 
channel (in the center of the channel in the two-dimensional radiographs).   
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Figure 5.27 Cathode channel study: water slug comparison. 
 
 
 
 
 
Figure 5.28 Cathode channel study: water slug in one channel comparison  
(upper fame: slug formation in rectangular channel, lower frame: slug formation in 
triangular channel). 
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 All four flow field configurations performed similarly in regard to their respective 
polarization behavior (see Figure 5.29).  Every configuration displayed significant mass 
transport losses at 1.0 A/cm2 and higher loads.  The flow fields were chosen to 
exaggerate losses in the mass transport region; hence voltage losses were expected at 
high current densities.  Again, a performance correlation is ascertained relating 
accumulated water mass and performance.  It is evident in Figure 5.29 that smaller water 
slugs adjacent to the GDM, produced by altering channel surface energy and geometry 
can improve performance. 
  The channel water slug size and distribution are also of concern beyond the 
performance realm.  These factors are also important design parameters with regard to 
fuel cell durability in freeze conditions.  In a triangular channel, the accumulated water 
slugs left by the operation of a PEMFC after shut-down have more space in the channel 
to expand under a freeze condition than larger slugs accumulated in rectangular channels 
that could potentially damage the brittle GDM.      
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Figure 5.29 Cathode channel study: performance comparison. 
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6. CONCLUSION AND FUTURE WORK 
 
 The effect of GDM and cathode channel properties on water management in a 
PEMFC was evaluated experimentally using neutron radiography techniques.  Overall the 
value of this diagnostic tool was demonstrated.  On the basis of the present study the 
following conclusions were drawn: 
 
1. Large, stationary water slugs in the anode channels were introduced by water 
vapor condensing in the inlet volume outside of the active area. At low load, the 
hydrogen flow was not sufficient to purge these slugs. 
 
2. For all cells tested, water accumulation in the channels decreased with load, while 
accumulation in the diffusion media/MEA increased with load. 
 
3. There was a significant difference in channel water retention for Toray and SGL 
materials. Toray cells showed anode water slugs persisting up to at least 0.5 
A/cm2, and cathode slugs from 0.1 to 1.0 A/cm2. This difference is likely 
attributable both to the higher in-plane pressure drop and increase levels of 
hydrophobicity of the channel side of the GDM for the SGL materials. 
 
4. The measurably lower cell performance at 1.0 A/cm2 using Toray is associated 
with only 0.05 g more water accumulation in the channels and non-channel 
regions. This points to electrode flooding as the main source of mass transport 
loss with Toray. This is consistent with expectation as the Toray material does not 
have a microporous layer on the diffusion media. 
 
5. Channel surface energy has a consistent effect on water slug shape and size.  
Higher contact angle increases average water mass retained, but the even 
distribution of smaller slugs in the channel area increases performance. 
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6. Flow fields with triangular cross-sectional geometry tend to accumulate water in 
the corners adjacent to diffusion media. The center of the channel does not 
become obstructed by stagnant slugs.  Overall, triangular channels retain less 
water than rectangular channels. 
 
7. Future work is warranted to determine water gradients in the third dimension of 
the radiographs presented.  This can be achieved by rotating the test stage 90° and 
imaging normal to the active area of the PEMFC. 
 
8. Future experiments should focus on full-scale hardware and multiple cell stacks to 
observe the cascading effects to the stack that are caused by mass transport loss in 
a single cell. 
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APPENDIX B: All averaged grayscale radiographs. 
 
 
 
 
 
 
SGL 21BC, uncoated rectangular cathode flow field, 0.1 A/cm2 
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SGL 21BC, uncoated rectangular cathode flow field, 0.5 A/cm2 
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SGL 21BC, uncoated rectangular cathode flow field, 1.0 A/cm2 
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SGL 21BC, uncoated rectangular cathode flow field, 1.2 A/cm2 
 
 
 
   88 
 
 
 
SGL 21BC, uncoated rectangular cathode flow field, 1.5 A/cm2 
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SGL 20BC, uncoated rectangular cathode flow field, 0.1 A/cm2 
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SGL 20BC, uncoated rectangular cathode flow field, 0.5 A/cm2 
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SGL 20BC, uncoated rectangular cathode flow field, 1.0 A/cm2 
 
 
   92 
 
 
 
 
SGL 20BC, uncoated rectangular cathode flow field, 1.2 A/cm2 
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SGL 20BC, uncoated rectangular cathode flow field, 1.5 A/cm2 
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Toray 060/090, uncoated rectangular cathode flow field, 0.1 A/cm2 
   95 
 
 
 
Toray 060/090, uncoated rectangular cathode flow field, 0.5 A/cm2 
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Toray 060/090, uncoated rectangular cathode flow field, 1.0 A/cm2 
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Toray 060/090, PTFE coated rectangular cathode flow field, 0.1 A/cm2 
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Toray 060/090, PTFE coated rectangular cathode flow field, 0.5 A/cm2 
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Toray 060/090, PTFE coated rectangular cathode flow field, 1.0 A/cm2 
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Toray 060/090, uncoated triangular cathode flow field, 0.1 A/cm2 
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Toray 060/090, uncoated triangular cathode flow field, 0.5 A/cm2 
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Toray 060/090, uncoated triangular cathode flow field, 1.0 A/cm2 
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Toray 060/090, PTFE coated triangular cathode flow field, 0.1 A/cm2 
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Toray 060/090, PTFE coated triangular cathode flow field, 0.5 A/cm2 
 
 
 
   105 
 
 
 
Toray 060/090, PTFE coated triangular cathode flow field, 1.0 A/cm2 
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SGL 21BC, uncoated rectangular cathode flow field, individual water mass analysis 
SGL 21BC, 2/2 Stoich, 100 kPa, 80C, 100%  Humidified, 
Rectangular Cathode
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SGL 20BC, uncoated rectangular cathode flow field, individual water mass analysis 
(cm) 
SGL 20BC, 2/2 Stoich, 100 kPa, 80C, 
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Toray 060/090, uncoated rectangular cathode flow field, individual water mass analysis 
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